Abstract. Mammary serine protease inhibitor (maspin), encoded by the serpin family B member 5 gene, serves as a tumor suppressor through the inhibition of cancer cell invasion and metastasis. Paradoxically, maspin levels are upregulated in a number of types of malignant cells. Therefore, the regulation of maspin expression may depend on the genetic or epigenetic background and the specific microenvironment of carcinoma cells. In the present study, it was demonstrated that transforming growth factor β1 (TGF-β1) induced maspin expression at the transcript and protein levels in the human cervical carcinoma HeLa and human oral squamous carcinoma HSC4 cell lines. The inhibition of the mothers against decapentaplegic homolog (Smad)-dependent pathway by a Smad3-specific inhibitor suppressed maspin induction by TGF-β1 in HeLa cells. Inhibition of the non-Smad pathway by pretreatment with the mitogen-activated protein kinase kinase 1/2 (MEK1/2) inhibitor U0126, or the p38 mitogen-activated protein kinase (p38 MAPK) inhibitor SB202190, attenuated the effect of TGF-β1 on maspin upregulation, whereas pretreatment with pyrrolidine dithiocarbamate (a nuclear factor κB inhibitor), wortmannin (a phosphoinositide 3-kinase inhibitor) or SP600125 (a c-Jun N-terminal kinase inhibitor) did not. Notably, none of these inhibitors eliminated the TGF-β1-induced phosphorylation of Smad2. In addition, mutations at p53-binding sites in the maspin promoter suppressed TGF-β1-induced maspin expression, indicating the necessity of intact p53-binding sites on the maspin promoter. In summary, the induction of maspin expression in HeLa cells requires the convergence of TGF-β1-induced Smad and non-Smad signaling pathways, in which the latter acts via the intermediate signaling molecules MEK1/2 and p38 MAPK.
Introduction
Mammary serine protease inhibitor (maspin), encoded by the serpin family B member 5 gene, belongs to the serine protease inhibitor superfamily of proteins (1) . Several studies have revealed that maspin is an effective inhibitor of cancer cell invasion, metastasis and angiogenesis (2) . Maspin was originally identified in normal mammary epithelial cells, and is reduced or absent in carcinoma (3) . The induction of maspin gene expression in carcinoma cell lines leads to an inhibition of cell invasion and metastasis in vitro and in vivo (4) . Therefore, maspin possesses potential as a target for the prognosis and diagnosis of and therapeutic intervention against cancer.
The regulation of maspin expression in cancer cells is tissue-specific. Maspin was originally identified as a tumor suppressor due to its high expression level in normal breast and prostate, and low or absent expression levels in malignancies (5, 6) . Paradoxically, the expression of maspin is maintained during carcinogenesis in a number of tissue types, including ovarian, lung and pancreatic tissues (7) (8) (9) . Additionally, the overexpression of maspin has also been detected in inflammatory bowel disease (10) , and a high incidence of aberrant maspin expression is associated with intestinal metaplasia and carcinoma of the gall bladder (11) .
The growth and invasion of transformed cells in tumors are often accompanied by inflammation, as immune cells and macrophages are recruited to the tumor site and release pro-inflammatory cytokines, including interleukin-6 (IL-6), transforming growth factor β1 (TGF-β1) and tumor necrosis factor α (TNF-α) (12) . A number of inflammatory cytokines exert tumor suppressive properties against cells at the early stages of tumorigenesis, but become tumor inducers at the later stages of cancer progression (13) . Depending upon the stage of carcinogenesis, the effects of these cytokines vary according to the signaling pathways activated. TGF-β1 stimulates signaling responses via mothers against decapentaplegic homolog (Smad) and non-Smad signaling pathways (14, 15) .
Upregulation of maspin expression in human cervical carcinoma cells by transforming growth factor β1 through the convergence of Smad and non-Smad signaling pathways
Upon activation by TGF-β1, Smad2 and Smad3 become phosphorylated and form complexes with Smad4, which in turn regulate the transcription of target genes. In the latter pathway, TGF-β1 signaling can occur via several adapter proteins, such as p38 mitogen-activated protein kinase (p38 MAPK), Erk MAP kinases, phosphoinositide-3-kinase (PI3Kinase)/Akt, and c-Jun N-terminal kinases (JNK) (15) . Previous research has suggested that TGF-β1 serves a role in several processes of carcinogenesis, including invasion, migration, mesenchymal transition and extracellular matrix synthesis, in a number of cancer cell types (16) . Therefore, changes in maspin expression may be associated with the inflammatory responses mediated by TGF-β1, leading to the progression from hyperplasia to neoplasia. Overexpression of TGF-β1 within the tumor microenvironment may increase the metastatic potential of various types of tumor (17) .
Maspin promoters contain Smad-and p53-binding elements, which are required for the upregulation of the maspin gene by TGF-β1 in normal mammary epithelial cells (18) . In the present study, the effects of TGF-β1 and the pro-inflammatory cytokines TNF-α and IL-6 on maspin expression in human cervical HeLa and oral squamous carcinoma HSC4 cell lines were investigated.
Materials and methods
Cell cultures. The human cervical carcinoma HeLa and oral squamous carcinoma HSC4 cell lines were provided by the Institute of Biotechnology and Genetic Engineering, Chulalongkorn University (Bangkok, Thailand) and Associate Professor R. Surarit of Mahidol University (Bangkok, Thailand), respectively. The cell cultures were maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) and 1X antibiotic-antimycotic solution (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C in an atmosphere of 5% CO 2 .
Reverse transcription-quantitative polymerase chain reaction (qPCR). Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). A total of 1 µg RNA was treated with DNase (Invitrogen; Thermo Fisher Scientific, Inc.) and then the half amount of DNase-treated RNA was converted into complementary DNA (cDNA) using oligo-(dT) 18 and a RevertAid ™ First Strand cDNA Synthesis kit (Fermentas; Thermo Fisher Scientific, Inc.). The reverse transcription reaction was carried out at 42˚C for 60 min. qPCR was then performed in an ABI 7500 Real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). Each reaction mixture contained 5 µl cDNA (diluted 1:5), 10 µl 2X Maxima ™ SYBR-Green/ROX qPCR Master Mix (Fermentas; Thermo Fisher Scientific, Inc.) and 0.3 µM primer pairs for maspin or GAPDH (internal control). The primer pairs were as follows: Maspin forward, 5'-CGT AGA AAA CTA ATC AAG CGG CTC TAG-3'; maspin reverse, 5'-CCA ATT CCT TTG CAT AGG GTC TC-3'; GAPDH forward, 5'-CGT TGG GTG AAG GTC GGA GTC AAG-3'; and GAPDH reverse, 5'-GGC AAC AAT ATC CAC TTT ACC AGA-3'. The thermocycling conditions were as follows: 95˚C for 10 min; and 45 cycles of 95˚C for 15 sec and 60˚C for 60 sec. Relative maspin expression levels were normalized to GAPDH and calculated using the 2 -ΔΔCq method (19) . All experiments were performed 3 times with 3 replicates per experiment.
Treatment of cell lines with cytokines and inhibitors.
The cytokines TGF-β1, TNF-α and IL-6 (Roche Diagnostics; Indianapolis, IN, USA) were added at 0.1, 1, or 10 ng/ml to cancer cells in serum-free DMEM and incubated at 37˚C in an atmosphere of 5% CO 2 for 48 h or as indicated. Smad3 inhibitor (SIS3; Merck KGaA, Billerica, MA, USA; 1, 5 or 10 µM), 100 µM pyrrolidine dithiocarbamate (PDTC; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 1 µM wortmannin (Sigma-Aldrich; Merck KGaA), 10 µM SP600125 (Sigma-Aldrich; Merck KGaA), 10 µM U0126 (Sigma-Aldrich; Merck KGaA) or 10 µM SB202190 (Merck KGaA) were incubated with confluent HeLa cells for 1 h at 37˚C in a 5% CO 2 atmosphere. A total of 10 ng/ml TGF-β1 was then added and the cells were incubated for an additional 48 h.
Western blotting. Subsequent to the aforementioned treatments, cells were washed twice with cold PBS, lysed with a Mammalian Protein Extraction buffer (GE Healthcare Life Sciences, Piscataway, NJ, USA) containing a protease and phosphatase inhibitor cocktail (Roche Diagnostics), and centrifuged at 14,000 x g for 10 min at 4˚C. A total of 10 µg of protein, measured using a Bio-Rad™ Protein Assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA), were separated by 10% SDS-PAGE, then transferred onto a nitrocellulose membrane. The blot was incubated with 5% non-fat dried milk in Tris buffer saline (TBS) with 0.01% Tween-20. Membranes were then treated with 0.5 µg/ml mouse monoclonal anti-human maspin (cat. no. 554292; BD Biosciences, San Jose, CA, USA), rabbit monoclonal anti-Smad2 (cat. no. #3122; Cell Signaling Technology, Inc., Danvers, MA, USA; dilution 1:1,000), rabbit monoclonal anti-phospho-Smad2 (cat. no. #8828; Cell Signaling Technology, Inc.; dilution, 1:2,000), mouse polyclonal anti-p38 mitogen-activated protein kinase (cat. no. #9212; Cell Signaling Technology, Inc.; dilution, 1:2,000), or mouse polyclonal anti-phospho-p38 mitogen-activated protein kinase (p38 MAPK; cat. no. #9211; Cell Signaling Technology, Inc.; dilution, 1:2,000) primary antibodies. Subsequently, the membranes were incubated with horseradish peroxidase-conjugated goat anti-mouse (cat. no. 1706516; dilution, 1:7,500; Bio-Rad Laboratories, Inc.) or goat anti-rabbit immunoglobulin G (cat. no. 1706515; dilution, 1:7500; Bio-Rad Laboratories, Inc.) secondary antibodies, and immunoreactive protein bands were visualized using Western Lightning ® Plus-ECL substrate (PerkinElmer, Inc., Waltham, MA, USA). For normalization of protein loading, the blots were then stripped and re-probed with primary rabbit polyclonal anti-human actin antibodies (cat. no. #A2066; Sigma-Aldrich; Merck KGaA; dilution, 1:1,000) as described previously. All experiments were performed 3 times with 3 replicates per experiment.
Transfection and luciferase reporter assay. A full-length maspin promoter in a luciferase reporter plasmid (pLightSwitch; Active Motif, Carlsbad, CA, USA) was used to generate two 5' truncated maspin promoters (-600 maspin promoter and -300 maspin promoter) in a pLightSwitch luciferase reporter plasmid by a PCR-based method (20) . Point mutations in two p53-binding sites, p53 I and p53 II, in the maspin promoter region were constructed using the QuickChange II Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA, USA) and a pLightSwitch plasmid containing -300 maspin promoter as the template. A pair of primers, 5'-GCC CCT TCC TGC CCt ata tac aac GAG GCC TTT TGG AAG C-3' and 5'-GCT TCC AAA AGG CCT Cgt tgt ata taG GGC AGG AAG GGG C-3' (mutated nucleotides illustrated in lowercase letters), were used to introduce sequence substitution at the p53 I binding site. The primers for mutation of p53 II binding site were 5'-GCC GAG AGG ATT GCC GTA ata taG TCT GTA CGT ATG CAT G-3' and 5'-CAT GCA TAC GTA CAG ACt ata tTA CGG CAA TCC TCT CGG C-3'. The correct changes to the mutated sequences were confirmed by DNA sequencing at First BASE Laboratories (Selangor, Malaysia). Each construct was transfected into the HeLa cells using TurboFect ™ in vitro Transfection Reagent (Fermentas; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. After 4 h transfection, the medium was replaced with serum free-DMEM and the cells were incubated for a further 2 h. The cells were then incubated with 10 ng/ml TGF-β1, or without TGF-β1 as control, at 37˚C in a 5% CO 2 atmosphere for 48 h. In vitro invasion assay. The in vitro invasion assay was performed using polycarbonate 8 µM-pore Multiscreen MIC 96-well pre-coated with 5 µg/ml Matrigel (BD Biosciences). A total of 5x10 4 HeLa cells/well were pre-treated for 24 h with cytokines in serum-free DMEM and then transferred to the upper wells of the filter plate. DMEM culture medium containing 10% FBS was added to the lower chambers. After 48 h incubation at 37˚C in a 5% CO 2 incubator, the number of invaded cells in the bottom wells were measured using a CyQUANT ® Cell Proliferation Assay kit (Molecular Probes; Thermo Fisher Scientific, Inc.); fluorescence (excitation at 450 nm and emission at 530 nm) was measured using a Biotech K-40 spectrofluorometer (BioTek Instruments). Cells in triplicate wells without Transwell inserts served as controls for cell proliferation and/or death during the incubation period. Cell invasion was calculated from the fluorescence values as follows: Cell invasion=Relative fluorescence value of invaded cells/total cells plated in upper chamber without Transwell insert.
Statistical analysis.
All experiments were performed at least 3 times with 3-5 replicates per experiment. The differences in the mean values among the groups were determined by one-way analysis of variance, and differences between individual by a Dunnett post-hoc test using SPSS v.18.0 software (SPSS Inc., Chicago, IL, USA). Data are presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results

Effect of pro-inflammatory cytokines on maspin expression
in HeLa and HSC4 cell lines. The effects of TGF-β1, TNF-α and IL-6 on maspin gene expression were evaluated in two human cancer cell lines: HeLa cervical carcinoma cells and HSC4 oral squamous cell carcinoma cells. TGF-β1 treatment at a concentration of 10 ng/ml induced an increase in the expression levels of maspin in HeLa and HSC4 cells (Fig. 1A) . By contrast, 10 ng/ml IL-6 exhibited no effect, and 10 ng/ml TNF-α demonstrated a slight inhibitory effect on maspin levels in the two cell lines. In the HeLa cells, 0.1-10 ng/ml TGF-β1 treatment increased maspin gene expression levels at 24 and 48 h. in a dose-dependent fashion compared with control cells, and this effect was demonstrated at the mRNA (Fig. 1B) and protein levels (Fig. 1C) . Similar effects were observed with HSC4 cells (data not shown).
Convergence of Smad and non-Smad signaling pathways in TGF-β1-induced maspin gene expression in HeLa cells.
As expected, TGF-β1-treated HeLa cells produced phospho-Smad2, and the presence of SIS3, a specific inhibitor of Smad3 (21), inhibited the induction of maspin gene expression in a dose-dependent manner ( Fig. 2A) . It is notable that the inhibition of TGF-β1 signaling via the Smad pathway by SIS3 did not interfere with the non-Smad pathway, as demonstrated by the presence of phospho-p38 MAPK ( Fig. 2A) . In order to determine whether the non-Smad signaling pathway was also activated by TGF-β1, a series of kinase inhibitors, including PDTC (a nuclear factor kB inhibitor), wortmannin (a PI3K inhibitor), SP600125 (a JNK inhibitor), U0126 (a MEK1/2 inhibitor) and SB202190 (a p38 MAPK inhibitor), were employed. U0126 and SB202190 were effective in inhibiting the TGF-β1-induced maspin gene expression, whereas PDTC, wortmannin or SP600125 were not (Fig. 2B) . Inhibition by U0126 of MEK1/2, an upstream activator of p38 MAPK, resulted in an absence of p38 MAPK phosphorylation, whereas SB202190 exhibited no effect on p38 MAPK phosphorylation, as the inhibitor only binds to the ATP pocket of p38 and blocks its intrinsic ATPase activity (22) . Additionally, TGF-β1-dependent Smad2 phosphorylation was not affected by the presence of these kinase inhibitors (Fig. 2B) . Taken together, these data suggest that Smad and non-Smad signaling pathways are involved in TGF-β1-induced maspin gene expression in HeLa cells. Notably, the blockage of TGF-β1-induced maspin expression was achieved by inhibiting one pathway without affecting the activation of the other.
TGF-β1-induced maspin gene expression in HeLa cells requires p53-binding sites in the maspin promoter.
The maspin promoter region contains two p53-binding sites, p53 I and p53 II, which are located within the first upstream 300 nucleotides (nt) (Fig. 3A) . Using luciferase reporter plasmid constructs, which contain point mutations in maspin promoter p53-binding sites that have been previously demonstrated to abolish p53 protein binding (18) , transfection of HeLa cells and subsequent addition of TGF-β1 revealed that mutations in either the p53 I or p53 II binding sites significantly diminished the ability of TGF-β1 to induce luciferase activity compared with control cells transfected with a construct containing the full-length maspin promoter sequence (nt -872 to +193) (Fig. 3B) . Therefore, the two p53-binding sites in the maspin promoter are necessary and probably sufficient in HeLa cells for TGF-β1-induced maspin gene expression, as the luciferase expression plasmid containing 5' truncated maspin promoter element (from nt -600 or -300 to -872) expressed luciferase activity comparable with the cells containing the full length maspin promoter sequence (Fig. 3B) .
Effect of TGF-β1 on in vitro invasion of HeLa cells.
The biological activities of maspin involve the inhibition of carcinoma cell migration and invasion (23) . As incubation with TGF-β1 upregulated the expression of maspin in HeLa cells, whether this inhibits the invasive ability of HeLa cells was examined using a Matrigel invasion assay. Notably, 10 ng/ml TGF-β1 significantly increased the invasiveness of HeLa cells compared with the untreated control (Fig. 4) .
Discussion
The present study demonstrated that TGF-β1, but not TNF-α or IL-6, induced maspin gene expression at the mRNA and protein levels in cervical carcinoma HeLa and oral squamous carcinoma HSC4 cell lines. In the HeLa cells, TGF-β1 was able to induce maspin expression through the Smad-dependent and -independent pathways.
Wang et al (18) suggested that the TGF-β1 induction of maspin gene transcription, which occurs within 1 h following the addition of TGF-β1, acts exclusively through the Smad signaling pathway and depends on p53 and Smad2/3 binding to the maspin promoter in normal mammary epithelial cells. However, in their study, p53 binding to maspin promoter was prior to the addition of 10 ng/ml TGF-β1 and a 48-h incubation. Maspin, p38 and p-p38 proteins were detected by western blotting. (B) HeLa cells were incubated with 100 µM PDTC, 1 µM wortmannin, 10 µM SP600125, 10 µM U0126 or 10 µM SB202190 for 1 h at 37°C prior to the addition of 10 ng/ml TGF-β1, and then further incubated for 48 h. Maspin, p-Smad2, Smad2, p-p38 and p38 were detected by western blotting. Actin was used for normalization of gel loading. Smad, mothers against decapentaplegic homolog; SIS3, Smad3 inhibitor; TGF-β1, transforming growth factor β1; p-p38, phospho-p38; p-Smad2, phospho-Smad2; PDTC, pyrrolidine dithiocarbamate.
detectable for 8 h in the absence of bound Smad2/3, suggesting the possibility of a Smad-independent TGF-β1-induced signaling pathway of p53-dependent activation of maspin expression. Notably, one observation of the present study in HeLa cells suggested the requirement of both Smad2 and p53 promoter binding for the induction of maspin gene expression by TGF-β1 via the non-Smad pathway. This hypothesis is concomitant with a crosstalk between the TGF-β1 signaling pathway and p53, which has been demonstrated previously (24) . Phosphorylated wild-type p53 physically interacts with the phospho-Smad2/3-Smad4 complex upon TGF-β1 induction and in turn binds to promoters of tumor suppressive genes (25) .
The non-Smad pathway acts via MEK1/2 and p38 MAPK. MEK1/2 is an upstream signaling molecule of p38 MAPK activation (26) . In the present study, the inhibition of MEK1/2 and p38 MAPK in HeLa cells prevented the stimulatory effect of TGF-β1 on maspin expression without affecting Smad phosphorylation. The phosphorylation of p53 at Ser389 by p38 MAPK increases its DNA-binding capability (27) . Cordenonsi et al (28) revealed that, in H1299 human lung cancer cells, MEK1/2 inhibition by U0126 blocks the phosphorylation of p53, which is concomitant with the loss of TGF-β1-induced p21 expression. The inhibition of the Smad-dependent TGF-β1 signaling pathway by SIS3 in the present study did not interfere with the non-Smad pathway, as demonstrated by the presence of phospho-p38 MAPK. This is consistent with previous data suggesting that TGF-β1-mediated activation of p38 MAPK signaling is independent of TGF-β1 type I receptor-mediated Smad activation (29) . Therefore, it is possible that the non-Smad TGF-β1 pathway of maspin gene expression induction is mediated by MEK1/2 and p38 MAPK phosphorylation of p53, which promotes p53 binding to maspin promoter.
Hypermethylation of the maspin promoter contributes to maspin silencing in cancer cells (30) . Previously, TGF-β1 was not observed to have an effect on maspin expression in a number of cancer cell lines, including the mammary carcinoma cell line MDA-MB-231 which has mutant p53 and maspin promoter hypermethylation (18) . In maspin-expressing transformed cells, including MCF10A, the maspin promoter is hypomethylated (31) . The present study also identified hypomethylated maspin promoters in HeLa cells (data not shown).
TGF-β1 may induce the migration and invasion of several types of carcinoma cells via the activation of the PI3K and Akt pathway (32) . In the present study, a similar event, in which TGF-β1 stimulated the migration and invasion of HeLa cells, was observed. Although maspin has been demonstrated to inhibit cancer cell motility and invasiveness (33) , in HeLa cells the TGF-β1-induced increase in maspin levels was apparently not sufficient to attenuate the cancer cell migration and invasion properties mediated by TGF-β1. Despite the tumor suppressive activities of maspin in numerous types of cancer cells, a paradoxical increase of maspin expression has Figure 3 . Requirement of p53-binding sites in maspin promoter for maspin induction by TGF-β1 in carcinoma cells. (A) Maspin promoter sequence ranging from nucleotides -872 to +193 (wild-type), with putative Smad-binding elements (SBEI and SBEII; boxed), and the two binding sites for p53 (p53 I and p53 II; underlined). (B) HeLa cells were transfected with a luciferase reporter plasmid containing wild-type maspin promoter, two 5' truncated (-600 and -300) maspin promoters, or -300 maspin promoter with point mutations in p53-binding sites, p53 mut I and p53 mut II. After 4 h transfection, the medium was replaced with serum-free Dulbecco's modified Eagle's medium and, after a further 2 h, 10 ng/ml TGF-β1 was added. After 48 h, the cells were harvested and measured by a luciferase reporter assay. Results are presented as the mean fold induction compared with the control without TGF-β1 treatment; errors bars represent standard deviation. been identified in several malignant cell types compared with their normal cells of origin, including those from lung (34), bladder (35) , and ovarian tissues (36) . An upregulation of maspin expression is also associated with the advanced stages of several types of tumors, including tumors of the cervix (37), endometrium (38) , and pancreas (9) . In addition, the subcellular localization of maspin may serve a critical role in its biological function. For example, the nuclear localization in cancer cells is essential for the tumor suppressor activity of maspin (39) . In addition, an increased cytoplasmic localization of maspin was revealed in an invasive SKOV3 cell line, but any tumor suppressive activity may have been inactivated, as the invasion capabilities were not affected by a blocking antibody (7) . Therefore, TGF-β1-induced maspin expression may not be able to inhibit tumor invasion and may serve a role in cancer progression.
In conclusion, the present study demonstrated the increased expression of maspin induced by TGF-β1 in human cervical carcinoma HeLa and oral squamous carcinoma HSC4 cell lines. The results indicated that the upregulation of maspin expression was due to Smad and non-Smad MEK/MAPK TGF-β1 signaling pathways, acting independently but converging to promote p53 binding to the maspin promoter. However, the underlying molecular mechanisms of this phenomenon require additional study, and may provide supporting evidence for an association between the inflammatory response and cancer progression, which may lead to the development of novel cancer prevention and treatment strategies.
